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a  b  s  t  r  a  c  t
ASTEC  is  an integral  code  for the  prediction  of  Severe  Accidents  in Nuclear  Power  Plants.  As  such, it  needs
to cover  all  physical  processes  that  could  occur  during  accident  progression,  yet  keeping  its models  simple
enough  for the  ensemble  to stay  manageable  and produce  results  within  an  acceptable  time.
The present  paper  is  concerned  with  the  validation  of the  Corium  jet  fragmentation  model  of ASTEC  v2.0
rev3  by means  of  a selection  of six  experiments  carried  out  within  the  FARO  facility.  The  different  con-
ditions  applied  within  these  six  experiments  help  to analyse  the  model  behaviour  in  different  situations
and  to expose  model  limits.  In addition  to comparing  model  outputs  with  experimental  measurements,
sensitivity  analyses  are  applied  to investigate  the  model.
Results  of  the paper  are  (i)  validation  runs,  accompanied  by  an identiﬁcation  of situations  where  the
implemented  fragmentation  model  does  not  match  the  experiments  well,  and  discussion  of  results;  (ii)
its special  attention  to the  models  calculating  the  diameter  of  fragmented  particles,  the  identiﬁcation  of  a
fault  in one  model  implemented,  and the discussion  of  simpliﬁcation  and  ad  hoc  modiﬁcation  to improve
the  model  ﬁt;  and,  (iii)  an  investigation  of  the  sensitivity  of predictions  towards  inputs  and parameters.
In this way,  the  paper  offers  a thorough  investigation  of  the  merit and  limitation  of  the  fragmentation
model  used  in  ASTEC.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
The energetic interaction of molten fuel and water/steam that
s to be expected during the hypothetic severe accident of an
PP represents an important aspect of the predictive capability of
evere Accident computers codes. Within the international effort
f understanding fuel–coolant interaction phenomena and improv-
ng and validating the physical modelling, the large-scale FARO
xperiments (Magallon, 1992; Annunziato et al., 1997) carried
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afety Assessment Unit, PO Box 2, 1755 ZG Petten, The Netherlands.
el.: +31 224 56 5086.
E-mail address: stephan.hermsmeyer@ec.europa.eu (S. Hermsmeyer).
ttp://dx.doi.org/10.1016/j.nucengdes.2015.02.016
029-5493/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/[by-nc-nd/4.0/]).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
out between 1992 and 1999 at JRC Ispra play an important role
by the reactor-relevance of their boundary conditions and the
employment of a prototypical Corium melt. No self-triggering
steam explosion was observed in FARO.
FARO experiment L-14 served as OECD ISP-39 in the bench-
marking of dedicated computer codes, with a focus on the
pre-mixing of melt and water (Annunziato et al., 1997), highlight-
ing signiﬁcant differences in the codes applied and their reliance
on tunable parameter sets.
Substantial work on the FCI issue was  picked-up again (from
2005) with TROI and KROTOS KFC steam explosion experiments
and with the international SERENA project that aimed at iden-
tifying research required for improving the modelling. Magallon
(2009) proposes that, having realised that the physical process of a
steam explosion is too complex to be currently modelled well at a
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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easonable effort, the focus could shift towards improving the pre-
iction of the void coefﬁcient in the water. The experiments suggest
hat even triggering a steam explosion with Corium melt is only
ossible for a low void coefﬁcient.
The present paper is concerned with the implementation of FCI
odelling in ASTEC (Accident Source Term Evaluation Code), the
eference European code for Severe Accident Analyses and Severe
ccident Management strategies development, that was  ﬁrst devel-
ped by IRSN (Institut de Radioprotection et de Sûreté Nucleaire,
rance) and GRS (Gesellschaft für Anlagen und Reaktorsicherheit,
ermany). Strong support for ASTEC development was provided in
ecent years through the work of the Euratom FP7 SARNET II Net-
ork of Excellence, and is continued by the Euratom FP7 project
ESAM (Code for European Severe Accident Management from
013 to 2017).
Inside such an integral code all physical processes occurring dur-
ng a severe accident scenario have to be covered, but individual
ub-models need to be kept as simple as possible. A validation of
he ASTEC version 1.3 carried out within the SARNET programme
Bandini et al., 2010) provided also a short section on the predic-
ion of two FARO experiments (L-14 and L-28). Then, the same two
ARO experiments have been used again at IRSN for the validation
f the new ASTEC version 2.0 (Carénini et al., 2013). The present
aper tries to go beyond that exercise, by (i) validating the current
ersion 2.0 rev.3 of the ASTEC code; (ii) extending the validation
o six FARO experiments; (iii) exploring the models implemented
nd pointing out their limits; and, (iv) understanding parameter
mportance and parameter dependencies by means of a sensitivity
nalysis carried out with the IRSN SUNSET tool that is part of the
STEC package.
. FARO experiments
The FARO experiments referred to in this report were designed
o investigate the FCI to be expected during the core melt phase of
 severe reactor accident. The FARO facility had an oven to produce
p to 200 kg of a reactor typical UO2–ZrO2–Fe melt at tempera-
ures of around 3000 K. This melt was released through an oriﬁce
eﬁning a certain melt jet diameter, and would slump under the
orce of gravity into a vessel ﬁlled to a certain level with water.
ey parameters of the fuel–coolant interaction, like initial pressure
n the vessel, water temperature, jet diameter, melt quantity were
aried over the series of experiments, see Table 1. The selection of
he six experiments for the present exercise was motivated by the
oal of covering a wide range of experimental conditions.
The experiment and in particular the test section in the vessel
ere heavily instrumented to record the course of temperatures,
ressures, etc. on a roughly 50-ms scale. Water swell levels were
econstructed from thermo-element responses. Quantities of the
apour produced together with wall temperature measurements
able 1
onditions in the selected FARO experiments.
L-06 L-14 L-20 L-24 L-28 L-31
Mass [kg] 18 125 96 177.1 174.9 92
Melt temperature [K] 3023 3073 3173 3023 3053 3003
Release diameter [m]  0.1 0.1 0.1 0.1 0.05 0.05
Initial pressure [MPa] 5.0 5.0 2.05 0.51 0.51 0.22
Sub-cooling degree [K] 0 0 0 0 0 105
Water depth [m]  0.87 2.05 1.97 2.02 1.44 1.45
Jet  velocitya [m/s] 2.3 5 4.3 3.8 3.8 1.6
Delivery timeb [s] 0.28 0.85 0.71 1.1 5.25 2.52
Geometry T = TERMOS, F = FAT Tc T T T F F
a Calculated from observations of melt jet entry into the water and contact with
he  bottom plate.
b Calculated value provided in the FARO reports.
c Pool diameter inside the vessel reduced from 0.71 m to 0.47 m.g and Design 286 (2015) 246–252 247
were used to calculate the heat transfer from the melt to the water.
A post-experiment examination located the distribution and phys-
ical form (debris with a particle size distribution, or solidiﬁed melt)
of the corium.
The FARO experiment L-14 was  used as an OECD/CSNI Interna-
tional Standard Problem and is described in detail in Annunziato
et al. (1997). It is worth noting that, while the general set-up of the
experiment was  not changed over time, the geometry of the vessel
was indeed changed twice: L-06 as an early experiment was  using
a reduced-diameter version of the TERMOS vessel, while the large
FAT vessel with improved optical recording means was used for
experiments from L-27.
Bürger (2006) points out that a more detailed characterisation of
Corium debris properties in the FARO experiments could have pro-
vided important additional information on debris coolability and
on the jet fragmentation rate. Pohlner et al. (2006) offer a conclu-
sive line of argument to support their view that the fragmentation
in experiment L-28 was complete rather than partial. Results from
this paper will be quoted for comparison in Section 4.
3. ASTEC corium jet fragmentation model
ASTEC v2.0 (Chatelard and Reinke, 2009) contains a corium
fragmentation model in its ICARE-part that is dedicated to the mod-
elling of the severe accident progression in the pressure vessel
(Namiech et al., 2004, see Section IX.6.1 of Chatelard et al., 2009).
This model combines the fragmentation of the falling melt jet by
instabilities at the jet/vapour interface with a description of the
counter-current vapour ﬂow surrounding the jet that takes account
of the drag force on stripped particles. The vapour ﬂow is driven by
the vapourisation of water and by the hydrostatic pressure gradi-
ent.
The process is formulated as a stationary situation, which may
be realistic during a part of the jet’s trajectory through the water.
However, fragmentation occurring when the jet hits the surface of
the water pool and later its bottom, and the secondary fragmenta-
tion of particles stripped of the melt jet, are not covered. Namiech
et al. (2004) reports that model predictions for the particle diameter
of debris tend to be too large.
A steam explosion that has been observed for the interaction of
some melts (but not the type used here) and water is not within
the prediction capability of the model.
The chronological description of phenomena in the FARO exper-
iment is the following:
1. the melt jet is released and falls a certain distance before reaching
the water surface. In the simulation, the ASTEC module contain-
ing the fragmentation model is started at that time of melt ﬁrst
entering the water; it calculates melt jet velocity and cross sec-
tion at the entry into water from the fall height that is provided
in the input deck. This approach is missing the interaction of the
melt with the gas above the water pool, which is assumed small
compared to the melt-water interaction.
2. on melt slumping into the water, the collision impact leads to a
mushroom-shape melt front and an initial fragmentation that is
not modelled in ASTEC, see the introduction to Section IX.6.1 in
Chatelard et al. (2009).
3. the subsequent energetic interaction of melt and water is mod-
elled in ASTEC assuming stationary interaction between an
established melt jet and the surrounding water. Two different
models exist for the calculation of the diameter of the frag-
mented particles. In addition, a user option for prescribing a ﬁxed
particle diameter exists. The default particle diameter model was
a value ﬁxed at 5 mm in the ASTEC V2.0rev2p2 patch version that
has been corrected to 4 mm in the ASTEC V2.0 rev3 following
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Table 2
Fragmented particle diameters calculated by the alternative models. The median displayed is taken from the particle distribution evaluated for every FARO experiment.
dfrag [mm]
ASTEC ‘NAMIECH’ ASTEC ‘HENRY’ ASTEC ‘USER’ Measured median NAMIECH using Tﬁlma Reactor case simpliﬁcationa
L-06 7 2.4 3.89 4.5 6.49 3.90
L-14  7.08 2.4 4.18 4.8 6.93 4.19
L-20  7.04 2.4 4.11 4.4 6.74 4.22
L-24  7.69 2.4 4.46 3.64 7.07 4.56
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tL-28  9.38 2.4 4.51 
L-31  7.25 2.4 4.28 
a See Section 5 for the calculation and discussion.
the validation exercise performed on FARO L-14 and L-28 exper-
iments (Carénini et al., 2013).
. if the melt jet break-up length is greater than the water depth,
than molten material will reach the bottom plate and will even-
tually solidify without fragmentation. The collision impact of the
melt jet on the bottom plate is a potential source of additional
fragmentation and energetic interaction. This is not modelled
in ASTEC; instead, it is assumed that the melt jet mass enters
smoothly the melt pool forming on the bottom of the vessel.
It should be noted that the input deck for the simulation of
ARO experiments uses code options to deﬁne the melt mass and
ass ﬂow directly, thus doing away with the need of modelling a
impliﬁed reactor core and a core bottom plate with holes.
. Prediction of the FARO experiments with ASTEC
ASTEC v2.0 models for L-14 with the TERMOS vessel and for L-28
ith the FAT vessel were provided by IRSN, while the geometry of L-
6 was implemented by modifying the L-14 input deck. Most initial
onditions could be directly taken from the experiments. The melt
ass ﬂow that is user-deﬁned in the stand-alone fragmentation
odel was calculated using the melt mass and the melt delivery
ime that is calculated in all FARO experiments.
The most inﬂuential parameter of the corium jet fragmentation
odel, i.e. dfrag, was calculated in three different ways:
using the NAMIECH option implemented in ASTEC.
using the HENRY option in ASTEC.
using the USER option to specify a value calculated outside ASTEC
by means of the correlation provided in Namiech et al. (2004).
The large spread in particle diameters that is produced by the
ifferent options, see Table 2, is remarkable and will be inves-
igated. A comparison to the values measured in the debris of
he experiments shows that they have the same order of magni-
ude. Further conclusions are not possible, because the experiment
Fig. 1. Pressure evolution for L-14 (left) an 7.06 4.49
 6.79 4.41
produces a distribution of particle sizes while the code assumes
spherical particles of a single diameter.
The comparison of the predicted system pressure transients
with the measured values is displayed in Fig. 1. It suggests the best
agreement in the case where dfrag is calculated outside ASTEC and
imposed by the USER option.
Table 3 compares important outputs of the USER-option model
with data from the six FARO experiments.
• The medium-term system pressure after 20 s tends to reach val-
ues below those measured, experiment L-28 being the exception;
the pressure predicted for L-31 is hardly raised at all.
• The fragmented part of the melt is usually below the measured
value, in several cases within 25%. The full fragmentation in L-31
is predicted by the model. Large differences exist for L-06 and
L-28.
• Values of the energy transfer from the melt, and within a cer-
tain time interval, have been given in the reports of every FARO
experiment. For the sake of comparison, the heat transfer from
the debris entities in the model has been integrated between t = 0
and those time instants. Table 3 shows that the ASTEC model pre-
dicts values that are 40–70% of the experiment values, the value
for L-06 being even lower.
• The agreement of predicted and measured water maximum swell
levels is in general poor, with the exemption of L-14. In the FAT
conﬁguration (L-28, L-31), there was an overﬂow level that was
exceeded in both experiments.
Fig. 1 and Table 3 suggest that the model is reﬂecting the evolu-
tion of key outputs, even though the quantitative prediction could
be improved. Key points are:• The match of model-predicted pressure in the short term and in
particular during the ﬁrst seconds is poor; this has a strong impact
on the pressure level and is also reﬂected in the rather poor match
of short-term energy transfer.
d L-28 (right) and dfrag from Table 2.
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Table  3
Key outputs of validation runs for the selected FARO experiments, applying the USER option in the 3rd column of Table 2.
Pressure increase
[MPa] at t = 20 s
Fragmented mass [kg] Energy transfer [MJ] from melt
to water, from t = 0 to (t1 [s])
Max. swell [m]
Model Exp. Model Exp. Model Exp.a Model Exp.b
L-06 0.83 1.5 7.0 12 1.6 (1.5) 6.2 (1.5) 0.08 0.43
L-14  2.25 3.25 85.1 105 24.7 (1.44) 35.2 (1.44) 1.04 1.10
L-20  1.01 1.6 65.6 73 38.4 (2.0) 62.6 (2.0) 0.71 >1.11
L-24  0.62 1.21 130.2 141 78.1 (3.0) 181.7 (3.0) 0.82 1.46
L-28  1.24 1.19 157 97.5 83.2 (5.25) 148.1 (5.25) >0.395 >0.395
IKE-28 ∼1.13 (after 7 s) 161 ∼72 (5.25)
L-31 0.002 0.03 91.6 92 49.4 (3.53) 87.7 (3.53) 0.04 >0.385
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a Calculated by enthalpy gain of water, vapour and structures; t1 taken as the end
b Indicated by thermocouples.
The match of predicted fragmented mass is in general reason-
able, but far off measurements in L-28. Even so, the prediction for
that experiment is well in line with (Pohlner et al., 2006), who
provide a conclusive argument that fragmentation in L-28 has
been complete.
The poor match of predictions for L-06 may  be explained by the
particular conditions of the test: with a depth of the water pool
of only 0.87 m,  the modelled interaction of the stationary melt jet
with water is much shorter than in the other experiments, and
less important than the early interaction of the melt front hitting
the water surface that is neglected in the model.
Finally, L-31 predictions are only good in predicting full frag-
mentation of the melt. The impact, in that experiment, of the
large degree of subcooling in the water pool is discussed in the
following section.
Pohlner et al. (2006) calculate the melt jet breakup process
n a 2D geometry and validate their model i.e. against FARO
-28, because this experiment represents a long and even quasi-
tationary pour of prototypical Corium. The integrated ASTEC
utputs of Table 3 – pressure, fragmentation and energy transfer –
re very much in line with results of that paper. The simpler mod-
lling in ASTEC manifests itself i.e. in a poorer representation of
eveloping phase of the pour during the ﬁrst 2 s.
. Observations on the model
.1. Calculation of fragmented particle diameter
The pressure transients calculated for L-14 and L-28 suggest that
he correlations implemented for dfrag produce a poor match of
xperimental results. The particle diameters for the ‘HENRY’ and
he ‘NAMIECH’ option deviate from measured values, with a strong
mpact on the heat transfer surface that is proportional to 1/dfrag
or a constant melt volume and under the assumption of spherical
articles.
Revisiting the correlations for dfrag in (Namiech et al., 2004),
frag = 33.272
(
P
P0
)−0.958
×
[
1 − Ts − TL
Tj − Ts
]0.484
×
(
Uj
Uj0
)−1.485
×
(
Uj
UM0
)1.591
×
(
UM0Dj
vj
)−0.035
×
(

jDjU
2
M0
)0.065
eads to the conclusion that the selection of hot vapour material
roperties is at the origin of differences found between that corre-
ation and the ASTEC output with the ‘NAMIECH’ option:
. in the correlations of Namiech et al. (2004), the kinematic viscos-
ity of vapour at the melt jet temperature is vj(Tj) = vj(Tj)/vj(Tj),in Pohlner et al. (2006).
e “maximum-heat transfer phase”.
where the present paper has taken  from Krieger (1951) and
calculated  assuming ideal gas behaviour.
2. in ASTEC, gas properties are taken at the ﬁlm temperature
Tﬁlm = 0.5*(Tj + Tsat).
The observations made on the model were reported to IRSN and
have recently been implemented in the code accordingly.
Table 2 shows particle diameters for the original NAMIECH cor-
relation, 3rd column, and for the same correlation using the ﬁlm
temperature in the 5th column. These latter values are similar to
dfrag calculated by ASTEC and shown in the 1st column.
In contrast to dfrag, the melt jet break-up length lbrk is an internal
variable in the ASTEC code. The discussed change in the calculation
of hot vapor properties will also reduce lbrk.
5.2. Simpliﬁcation for reactor case
The NAMIECH equations for melt jet fragmentation length and
fragmentation particle diameter may  be reduced to very few vari-
able parameters, when considering that many parameters in the
reactor case will lie within a tightly bound range. In the follow-
ing, some approximations will be introduced. Their impact on the
calculation of particle diameters will be checked in Table 2.
Firstly, the melt jet liquid properties are already taken to be con-
stant, and only changing when solidiﬁcation takes place. In addition
to this, it is assumed for the calculation of dfrag that the melt jet
temperature is constant at Tj = 3100 K.
Secondly, simpliﬁcations are introduced for the calculation of
the material properties of water and steam. For the water vapour
at the melt jet temperature Tj, the density is calculated by assuming
that the vapour behaves like an ideal gas.
vj(P, Tj) =
PM
RTj
and vj(P, Tj) =
vj(Tj)
vj(P, Tj)
The kinematic viscosity vj is calculated as shown, with the
dynamic viscosity vj from Krieger (1951) and under the assump-
tion, that vj is pressure independent.
The vapour pressure and the saturation temperature of the
water are closely linked. This dependence is expressed by the
Clausius–Clapeyron equation
Ts [K] = 21307.6 − log(P [kPa])
In addition, the water density at the saturation temperature
may  be expressed as a function of one state variable only. It will
be approximated by the second-order polynomial in Ts, which was
found by ﬁtting this polynomial in Microsoft EXCEL© to a table of
values (Ts, H2O) found in Wischnewski (2013):
H2O(Ts) = −0.0031 · T2s +1.7467 · Ts+740.32, 370 K < Ts < 600 K
250 S. Hermsmeyer et al. / Nuclear Engineering and Design 286 (2015) 246–252
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Within the NAMIECH equation, it was assumed that
L = H2O(TL) ≈ H2O(Ts)
This is an excellent match for most of the FARO experiments,
here the sub-cooling was close to zero, and still reasonable for
ituations with signiﬁcant sub-cooling. For Ts = 465 K and a sub-
ooling of 41 K as in FARO L-28, the liquid density will be about 6%
arger than the one of the saturated water. Finally, the temperature
erm in the NAMIECH equation is neglected, i.e.
1 − Ts − TL
Tj − Ts
]0.484
≈ 1 since Ts − TL  Tj − Ts
Thus, the only free parameters that remain in the NAMIECH
quations are water vapour pressure P, the melt jet diameter Dj as
 geometrical parameter set within the experiment, and the (aver-
ge) melt jet velocity Uj. The variation of Uj with the experimental
onditions has been rather inconclusive in the FARO experiments,
ot least because the velocity measurement on a fragmenting melt
et is complex and raises questions of deﬁnition. For this reason, Uj
ill be varied within the range measured in the FARO experiments.
ig. 2 shows the variation of dfrag = f(P, Dj, Uj) with pressure.
Table 2 shows in the last column particle diameters for the FARO
xperiments calculated with the model simpliﬁed for reactor con-
itions. In the worst cases, errors are about 3% compared to the
odel predictions of the NAMIECH model outside ASTEC.
Considering the large spread of dfrag in computing Fig. 1, the
urves in Fig. 2 suggests that a constant value of dfrag = 4 mm is a
easonable approximation for pressures between 2 and 9 MPa. In
ontrast, the melt jet break-up length is varying stronger with the
arameters and needs to be calculated.
.3. Presence of sub-cooled water
The ASTEC prediction of pressure evolution in test L-31 is far off
he mark for all choices of particle diameter; even dfrag = 2.4 mm
oes not provide enough reaction surface to raise the pressure
ubstantially. Nevertheless, the reduction of dfrag has a signiﬁcant
mpact on the heat transferred to the water, raising the quench rate
aximum from 10 to 36 MW;  this latter quench rate looks a rea-
onable match for the observed quench rate (Silverii and Magallon,
999).
The reason for the poor match of predicted and observed
ressures lies in the large sub-cooling of the water in this experi-
ent: Signiﬁcant quantities of steam are produced in the vicinity ofhe fragmenting corium surface. However, this is a local effect that
reates a large thermodynamic imbalance in the water pool. The
odel employed in ASTEC is not made for catching these imbal-
nces, as the code computes only one temperature for the water inngth (right) calculated with the reactor case approximation.
the lower plenum. Thus the water temperature increases continu-
ously, but the heat transferred over the entire experiment time is
not sufﬁcient to raise the average water temperature to saturation
conditions.
5.4. Proposal of a modiﬁed fragmentation model to match short
term effects
The pressure evolution predicted by ASTEC, see Fig. 1, allows
the conclusion that the USER model with the chosen dfrag is rea-
sonable, while the trend of the ﬁrst second is much better matched
by the HENRY option. The reason is arguably the initial fragmenta-
tion of the melt jet from the impact of ﬁrst hitting the water that
is neglected in ASTEC’s corium jet fragmentation model. The small
diameter calculated with the HENRY option compensates for this
simpliﬁcation but is a poor choice in the medium and long term.
It is suggested that a model blending the particle diame-
ters with time, i.e. dBLEND(t) = dHENRY + (dNAMIECH − dHENRY)f(t), with
e . g . f(t) = (1 − exp(− t/T)), could improve the predictive capability
of ASTEC for the given case without implying much development
or computational effort. T is an empirical parameter of the order of
1 s and t is the time step produced by ASTEC.
6. Sensitivity studies with ASTEC SUNSET
Sensitivity analysis consists in studying how the variation
(uncertainty) of the output of a model can be distributed to the dif-
ferent sources of variation in the input and how the model depends
on the provided information. SUNSET (Chojnacki and Baccou, 2011)
offers tools for creating uncertainty variation in the model inputs
and for the statistical analysis of model outputs. The ASTEC model
is run correspondingly to create outputs for the large number of
generated input samples.
The output values selected are key quantities for determining
the impact of the FCI:
• The medium term system pressure at t = 20 s represents the load
imposed on structures following an FCI (excluding a steam explo-
sion).
• The fragmented melt mass closely linked to the energy trans-
ferred to the coolant.
• The maximum water swell level is closely linked to the void in the
coolant, which is relevant for the likelihood of a steam explosion
(Zabiego et al., 2010).6.1. Input variation
The selection of inputs to be varied represents a hypothesis of
their relevance for the interesting outputs. In the current case they
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Table  4
Model input parameters varied within SUNSET. All parameters have uniform distribution within the interval shown.
L-06 L-14 L-20 L-24 L-28 L-31
Melt temp. [K] [2973,3073] [3023,3123] [3123,3223] [2973,3073] [3003,3103] [2953,3053]
dfrag [mm] [3.39, 4.39] [3.68, 4.68] [3.61, 4.61] [3.96, 4.96] [4.01, 5.01] [3.78, 4.78]
Melt  mass ﬂow [kg/s] [51,77] [118,177] [108,162] [129,193] [27,40] [29,44]
Melt  jet diameter [m]  [0.08, 0.1] [0.08, 0.1] [0.08, 0.1] [0.08, 0.1] [0.04, 0.05] [0.04, 0.05]
Melt  slump height [m]  [1.46, 2.2] [0.83, 1.24] [0.89, 1.34] [0.85, 1.28] [0.71, 1.07] [0.7, 1.06]
Table 5
Mean and standard deviation (, ) of model outputs using the input of Table 4.
L-06 L-14 L-20 L-24 L-28 L-31
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IPressure [MPa], t = 20 s (5.83, 0.05) (7.3, 0.21) 
Fragmented mass [kg] (7.1, 0.6) (85.3, 4.5) 
Max.  swell [m] (0.084, 0.017) (1.04, 0.12) 
re either initial conditions, like temperatures and pressures, or
oundary conditions, like geometry or user-deﬁned model param-
ters.
A group of ﬁve inputs was selected for a ﬁrst sensitivity study:
. Melt jet temperature Tj. The value measured at the melt outlet
in FARO is used as estimate of an average over the melt volume
in ASTEC; it is likely that the model responds to this value that
deﬁnes the temperature distance from melt solidiﬁcation.
. Particle diameter dfrag. The discussion of the previous section has
shown the importance of this value for all outputs; the sensitiv-
ity analysis is intended to quantify this impact relative to other
sensitivities.
. Melt mass ﬂow Q. This is a key parameter of the model that
is, in the experiments, calculated from observations of the melt
progress in the water pool.
. Melt jet diameter. This value is in a ﬁrst approximation identical
to the delivery nozzle diameter. In FARO, a reduction by crust
formation was observed.
. Melt slump height. This is another parameter of the corium jet
fragmentation model that is designed to take account of the melt
acceleration in the gas space over the water pool.
For all inputs a uniform distribution was assumed, with the
ntervals speciﬁed in Table 4.
.2. Discussion of results
The SUNSET statistics of 100 ASTEC runs for each experiment,
ith the input variations from Table 4, are displayed in Table 5.
onsidering that the distributions of 4 of the input parameters were
entred in the value selected in Section 4, the good agreement of
ean values with the model output in Table 3 is not surprising.
he small standard deviations suggest that the input variation led
able 6
mportant standard regression coefﬁcients between key outputs/inputs in the ASTEC FAR
dfrag Melt mass ﬂow Melt te
L-06 
Pressure, t = 20 s −0.8588596 −0.5759468 −0.136
Fragmented mass −0.6512984 −0.6880152 −0.512
Max.  swell −0.9243009 −0.3512837 −0.021
L-20  
Pressure, t = 20 s −0.733715 −0.5701651 0.149
Fragmented mass −0.4454328 −0.8241926 −0.137
Max.  swell −0.776127 −0.5294718 0.059
L-28  
Pressure, t = 20 s −0.8736577 −0.3042563 0.245
Fragmented mass 0.2775824 −0.9283304 −0.13613, 0.09) (1.14, 0.06) (1.74, 0.1) (0.22, 4E−5)
.6, 3.9) (130.6, 6.5) (155.8, 5.0) (91.2, 0.8)
72, 0.09) (0.83, 0.1) * *
to small output variations. Swell levels from the experiments L-28
and L-31 are not meaningful because the FAT vessel design featured
an overﬂow at a certain level.
The standard regression coefﬁcients displayed in Table 6 reﬂect
the impact that the input parameters have on the selected outputs.
Important conclusions are:
• dfrag has the strongest impact on the ensemble of output values,
with output values rising for decreasing diameter.
• The impact of the melt mass ﬂow is stronger than dfrag on the frag-
mented mass, but less pronounced on pressure and max. swell.
• The inﬂuence of the melt temperature is visible but rather small.
Comparing coefﬁcients across the different experiments it is
noted that weaker correlations are not reﬂected for L-06, where all
melt temperature regression coefﬁcients are negative. For L-28, the
fragmented mass grows with dfrag. For L-31, the fragmented mass is
nearly uncorrelated with dfrag, and pressure grows with melt mass
ﬂow. These results reﬂect the comments made in Section 5 about
peculiarities in the said experiments.
Melt jet diameter and melt slump height have not been printed
because the absolute values of their regression coefﬁcient are typ-
ically smaller than 0.1.
In a second step, parameters related to the experiment geometry
were varied, like the gas volume or the ﬂow resistance in the gas
evacuation system. The impact of changes to the gas volume Vg is
demonstrated by the coefﬁcients in Table 7. The inﬂuence of the
other parameters was  found to be negligible. While correlation is
strong, the quantitative impact of a doubling of the gas volume, as
seen by standard deviations, is very small.
O models.
mp. dfrag Melt mass ﬂow Melt temp.
L-14
8496 −0.8663663 −0.6576161 0.2026774
8087 −0.2970412 −0.9823678 −0.132755
404 −0.9204313 −0.6134435 0.1232186
L-24
464 −0.8337248 −0.5270799 0.2175664
3799 −0.2342712 −0.9536579 −0.164473
83341 −0.7971399 −0.5946022 0.1073619
L-31
5826 −0.9579728 0.109634 0.4122283
3252 −0.09915 −0.7656854 −0.063683
252 S. Hermsmeyer et al. / Nuclear Engineerin
Table 7
Mean and standard deviation (, ) for variation of gas volume, uniform distribution
in  the interval [Vg , 2*Vg].
(, ) Standard regression coefﬁcient,
variation of gas volume Vg
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Fragmented mass (85.1, 0.06) 0.8696124
Max. swell (1.1, 0.03) 0.9678457
. Conclusions
The goal of this paper has been to extend validation of the ASTEC
2.0 corium jet fragmentation model by increasing from two  to six
he number of calculated FARO experiments. This approach con-
ronts the model with a host of different experimental conditions
nd offers the chance to highlight relentlessly the capabilities of
he code.
Results support the ﬁnding in Bandini et al. (2010) and Carénini
t al. (2013) that the ASTEC model is capable of producing the pres-
ure transient observed in FARO experiments when imposing a
uitable diameter of fragmented particles by a USER option. How-
ver, when experimental conditions vary as e.g. in the six FARO
xperiments used, it is important to be aware of the limitations of
he model: the very short-term behaviour of output quantities is
ot captured well, and neither are situations like shallow water or
 sub-cooling of the water pool.
A comparison of one of the ASTEC fragmentation models with
he model described in the literature suggests that the ASTEC
mplementation is not correct. As a direct feed-back from these
bservations, the two coding anomalies detected by JRC have been
ecently corrected by IRSN. In addition to identifying where the
roblem lies, it is proposed to test whether ad hoc modiﬁcations of
he corium jet fragmentation model could generally improve the
odel ﬁt during the ﬁrst seconds.
For the reactor case, where in particular the melt and its proper-
ies can be narrowed down, the model for calculating the diameter
f fragmented particles is much simpliﬁed, and it is suggested that
 constant diameter could be a good approximation of reality.
Finally, sensitivity analyses using the SUNSET tool that is pro-
ided with ASTEC give a clear picture of the importance ranking ofg and Design 286 (2015) 246–252
parameters in the corium jet fragmentation model, with the diam-
eter of fragmented particles and the melt jet ﬂow dominating the
model output.
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